The low-cycle fatigue behavior of Sn-3.5 mass%Ag, Sn-0.7 mass%Cu lead-free solders and Sn-37 mass%Pb solder were investigated at a strain rate of 0.1%/s with a non-contact extensometer at room temperature (22 AE 3 C). In addition, the relationship between the surface features in the low-cycle fatigue test and the fatigue life of those solders were investigated by image processing. The fatigue lives of Sn-3.5 mass%Ag and Sn-0.7 mass%Cu were better than that of Sn-37 mass%Pb. The low-cycle fatigue behavior on each solder followed Coffin-Manson equation. The surface deformation in fine wrinkles was observed in the low-cycle fatigue test at each solder. The surface features for each solder were evaluated by image processing from the surface deformation. The surface features in the low-cycle fatigue test did not appear until under 10% of the fatigue life for Sn-3.5 mass%Ag, until 10% of the fatigue life for Sn-0.7 mass%Cu, and until 20% of the fatigue life for Sn-37 mass%Pb.
Introduction
Several lead-free solders were developed as alternatives of conventional Sn-Pb eutectic solder, because of the toxicity of Pb in Sn-Pb solder that were used for many electronics products. [1] [2] [3] Sn-Ag and Sn-Ag-Cu alloys are expected to be the lead-free alternatives on the reflow soldering process, because they have better mechanical properties like ductility, creep resistance and thermal resistance than the Sn-Pb solder. 4) However the melting point for them is higher and the wettability is poorer than the Sn-Pb solder. On the other hand, Sn-Cu alloys are expected to be an indispensable leadfree alternative to the wave soldering process. Although the melting point of Sn-Cu alloy is equal to or higher than those of other lead-free solders such as Sn-Ag alloys, the material cost of the Sn-Cu alloy is relatively low because of the lack of silver in the alloy.
Solders are applied to connecting electronic components of various assemblies of electronic packaging and endured to cyclic thermal stress by heat cycles in service. Therefore fatigue properties to heat cycles should be clarified for design standard and many studies have been conducted to clarify the fatigue properties of solders. [5] [6] [7] Kanchanomai et al. reported the low-cycle fatigue behavior and mechanisms of deformation and fracture for Sn-Ag, Sn-Ag-Cu and Sn-Ag-Cu-Bi solders. 8, 9) Pang et al. reported the effects of temperature and frequencies on the low-cycle fatigue behavior of Sn-0.7Cu solder. 10) However, the solder connecting joints of the electronic package has become finer year-by-year. It has become more difficult to measure fatigue damage caused by cyclic heat. Howell et al. reported that the surface damage accumulation of the solder joints due to shear strain cycles is similar to the surface of thermo-mechanically fatigued joints. 11) Therefore, a method of non-contact evaluation for fatigue damage on the solder surface seems available to estimate the fatigue life of a solder connecting joint. However, a relationship between the surface features and low-cycle fatigue damage of solders have not yet been well investigated in order to estimate the fatigue lives of cast solder and solder connecting joints. On the other hand, several optical techniques have been developed to obtain information from such surface damage in other materials. For example, Diaz et al. reported a digital image measurement system to evaluate the plastic zone growth rate on the surface of a notched flat specimen submitted to low-cycle fatigue. 12) As the first step, Sn-3.5Ag and Sn-0.7Cu lead-free solders for the flow soldering process and wave soldering process, respectively, were selected and their low-cycle fatigue behavior of as-cast solders were investigated at a strain rate of 0.1%/s under room temperature (22 AE 3 C) in this study. Also the surface deformation in the low-cycle fatigue test was observed by image processing to clarify the relationship between the surface deformation and the low-cycle fatigue damage. Moreover, the low-cycle fatigue property and observation of surface deformation of the Sn-Pb eutectic solder as a reference were investigated in order to compare them to Sn-3.5Ag and Sn-0.7Cu lead-free solders. Table 1 shows the solidification temperature of solders. The solders were prepared as cylindrical ingots cast at over 100 C of the solidification temperature of each solder. The diameter and length of the cylinder were 30 and 250 mm, respectively. The dog-bone type test specimens that were used for the low-cycle fatigue test were machined from the ingots of the solder. Figure 1 shows the dimensions of the specimen tested that followed the JSMS (The Society of Material Science, Japan) standard for low-cycle fatigue testing of solder materials. 13) The test specimen had a diameter of 8 mm, a parallel part of 24 mm in length, and a gauge length of 20 mm. Generally, the surface of solder specimen machined has not maintained a solidified microstructure due to damage from the machining and working strain. Accordingly, in order to take off the working strain and stabilize the microstructures of solders, the specimens were annealed at 100 C for an hour before the test. The low-cycle fatigue tests were carried out under strain control at total strain ranges of 0.4, 0.6, 1.0 and 2.0% at room temperature (22 AE 3 C). The strain rate was controlled at 0.1%/s uniformly on the gauge length by strain control. A non-contact extensometer was used for measuring the strain on the gauge length in this study. The fatigue life was defined as the number of cycles corresponding to a 30% reduction of maximum stress amplitude.
Experimental Procedure
The surface features of solders were observed by an optical microscope with 50 magnification in the low-cycle fatigue test at room temperature. The surface features were recorded in real time at the time of maximum tensile stress on a stressstrain hysteresis loop during the low-cycle fatigue test. The features of the surface of the specimens were observed on the part of the gauge length at maximum tensile load at the reasonable cycle.
The microstructures of specimens were observed by a scanning electron microscope (SEM) in order to investigate the initial condition and the damage of parallel part of solder.
Results and Discussion

Microstructures
For investigating the initial condition of microstructures, the microstructures of the grip part and the parallel part of specimens of Sn-3.5Ag, Sn-0.7Cu and Sn-37Pb solder after annealing at 100 C for an hour were observed as shown in Fig. 2 . Primary Sn phase (A) and Sn-Ag eutectic phase (B) were observed in microstructures of grip part of Sn-3.5Ag in Fig. 2(a) . The size of Sn phase was approximately 30-50 mm. Particles of Ag 3 Sn were able to be observed in Sn-Ag eutectic phase. These particles of Ag 3 Sn were approximately 0.3 mm in diameter. Overall, the microstructures that were constructed by the Sn phase and the surrounding Sn-Ag eutectic phase were observed. Although Sn-3.5Ag was a eutectic solder, hypoeutectic microstructures were observed. Similar microstructures were observed in Sn-0.7Cu in Fig. 2(b) . The size of primary Sn phase (A) in Sn-0.7Cu solder was approximately 20-40 mm. Particles of Cu 6 Sn 5 were able to be observed in Sn-Cu eutectic phase (B). On the other hand Pb-rich phase (A) and Sn-rich phase (B) were observed in Sn-37Pb in Fig. 2(c) . The size of Pb-rich phase and Sn-rich phase were approximately 5-10 mm in width. Accordingly the microstructures of Sn-37Pb indicated a fine structure compared to that of other lead-free solders used in this study. At microstructures of parallel part of Sn-3.5Ag, Sn-0.7Cu and Sn-37Pb solder, microgrooves caused by the machining process were observed as shown in Figs. 2(d)-(f). In addition, Pb-rich phase and Sn-rich phase, which were similar to the microstructures of the grip part of Sn-37Pb solder, were observed in microstructures of the parallel part of Sn-37Pb solder. Therefore it seemed that microstructures of the parallel part were as-cast structure despite machining process in this study. Figure 3 shows typical stress-strain hysteresis loops of Sn-0.7Cu lead-free solder at some cycles in a low-cycle fatigue test for a total strain range of 2.0%. The inelastic strain range (Á" in ) was estimated from the length across the hysteresis loop as shown in Fig. 3 . Similar hysteresis loops were also observed in Sn-3.5Ag and Sn-37Pb solders. Also the stress amplitude in the loops decreased with increasing cycles in these solders. Figure 4 shows the relations between the stress amplitude and the number of cycles of Sn-3.5Ag, Sn-0.7Cu and Sn-37Pb. All data were plotted from the results of low-cycle fatigue tests carried out at total strain ranges of 0.4 and 2.0%. The stress amplitude of Sn-3.5Ag, Sn-0.7Cu and Sn-37Pb solders decreased with the increasing number of cycles, and it became smaller in a small strain range and its rate were slower than in a large strain range. The shrinkage rates of stress amplitude of Sn-3.5Ag and Sn-0.7Cu solders were slower than that of Sn-37Pb at total strain ranges investigated in Fig. 4 . In particular, compared with Sn-37Pb at total strain range of 0.4%, Sn-3.5Ag and Sn-0.7Cu solders indicated a long continuing gentle slope. The fatigue life was determined the number of cycles at 30% shrink of maximum stress amplitude in this study.
Low-cycle fatigue test
The relation between the inelastic strain ranges and fatigue lives of Sn-3.5Ag, Sn-0.7Cu and Sn-37Pb were shown in Fig. 5 . The low-cycle fatigue life decreased with the increasing inelastic strain range at each solder. The fatigue lives of Sn-3.5Ag and Sn-0.7Cu were better than that of Sn37Pb over the inelastic strain range investigated. The Sn-0.7Cu indicated a slightly longer fatigue life at 1.0% or over of the inelastic strain range compared with the Sn-3.5Ag. At less than 1.0% of the inelastic strain range however, the Sn-3.5Ag indicated a slightly longer fatigue life than the Sn-0.7Cu.
For solders tested, Coffin-Manson type of fatigue behavior 14, 15) was observed. Therefore the relationship of the inelastic strain range and the number of cycles to failure was as follows.
where Á" in is the inelastic strain range, N f the fatigue life, m the fatigue ductility exponent and C the fatigue ductility (1) were 0.5 and 0.4 for Sn-3.5Ag, 0.7 and 2.9 for Sn-0.7Cu and 0.7 and 0.9 for Sn-37Pb respectively.
Solder surface observation
The surfaces of parallel part were observed by microscope with 50 magnification in the low-cycle fatigue test. The photographs of surfaces were taken at maximum tensile stress in cycles. The observation area was 6 mm Â 4:5 mm at the pixel size of 9.375 mm square.
The results of the surface observation at appropriate cycles for each Sn-3.5Ag, Sn-0.7Cu and Sn-37Pb solder in the lowcycle fatigue test at a total strain range of 2.0% were shown in Fig. 6 . In this case, the fatigue life of Sn-3.5Ag, Sn-0.7Cu and Sn-37Pb were 706 cycles, 1171 cycles and 254 cycles for the observation, respectively.
The surface deformation as fine wrinkles appeared at an early stage of the low-cycle fatigue test on these solders and these wrinkles increased with increasing number of cycles. It seemed these wrinkles were the result of accumulation of inelastic deformation.
The typical deformation at strain range of 2.0% followed as: the deformation of Sn-3.5Ag clearly appeared over 101 cycles. At 501 and 1001 cycles, it was being extended over the observed area. The stress amplitude shrink of Sn-3.5Ag solder at strain range of 2.0% in Fig. 6(a) was 3% for 101 cycles, 8% for 201 cycles, 25% for 501 cycles and 61% for Fatigue
1001 cycles, respectively. The definite stress shrink was not recognized up to 101 cycles with a scant surface deformation. Although the increase of surface deformation was indicated slightly after deforming a striking surface like over 501 cycles, the stress shrink was significantly progressed so that it would not depend on an increase in the surface deformation. Therefore it seemed that the surface deformation of Sn-3.5Ag solder related with stress shrink at the initial deformation stage. However, the definite stress shrink stage would relate with a cause of internal cracks and their crack coalescence. A Similar tendency was observed on Sn-0.7Cu solder in Fig. 6(b) . In case of Sn-0.7Cu solder, the stress amplitude shrink at strain range of 2.0% was 7% for 101 cycles, 12% for 201 cycles, 19% for 501 cycles and 26% for 1011 cycles, respectively. On the other hand, the deformation of Sn-37Pb appeared at over 21 cycles in Fig. 6(c) . The stress amplitude shrink of Sn-37Pb solder at strain range of 2.0% was 15% for 101 cycles, 24% for 201 cycles, 35% for 301 cycles and 52% for 401 cycles, respectively. And it was being extended up to the observed area with increasing 1cycle  11Cycle  21Cycle  51Cycle  101Cycle  201Cycle  501Cycle  1001Cycle  1501Cycle Fig number of cycles. The stress shrink of Sn-37Pb was progresses with an increase in the surface deformation. In addition, the crack initiation on the surface appeared at 301 cycles, and propagated to a large crack at 401 cycles. The SEM photographs of the surface of the specimen tested of Sn-3.5Ag at a total strain range of 2.0% were shown in Fig. 7 . These were apparently a scant surface deformation (a), its high magnification (b) and a striking surface deformation (c) on the solder tested, respectively. Also those of Sn-0.7Cu and Sn-37Pb solders were shown in Figs. 8 and  9 , respectively. In cases of Sn-3.5Ag and Sn-0.7Cu, the SEM photographs of the parallel part of the specimen tested after etching were also shown in Figs. 7(d) and 8(d) . The fine cracks were observed at a surface deformation of Sn-3.5Ag like fine wrinkles in Fig. 7(a) . In addition micro cracks and micro-coalesced cracks were observed around the fine cracks at high magnification on the surface of Fig. 7(b) . Consequently, it seemed that the fine cracks were constructed by both micro-cracks and micro-coalesced cracks. Moreover it seemed that a size of these cracks closes to the microstructure of Primary Sn phase and Sn-Ag eutectic phase in Fig. 7(d) . On the other hand, the large cracks were observed at the part of the coalesced cracked surface in Fig. 7(c) . Therefore, it seemed that the fine cracks coalesced and propagated the large crack with increasing number of cycles at Sn-3.5Ag. As a result, the deformations in fine wrinkles appeared on the solder surface. A Similar tendency was observed on a surface of specimen of Sn-0.7Cu solder in Fig. 8 . Besides on the surface of specimen Sn-37Pb in Fig. 9 , the cracks were slightly observed on the solder surface, in spite of apparently no fine cracks in Fig. 9(a) . However at high magnification in Fig. 9(b) , micro-cracks that might be caused at a interphase boundaries by sliding process were observed over the observation area, not only around the cracks. For comparison with the initial surface condition in Fig. 2(f) , it seemed these cracks were the result of cyclic damage of inelastic deformation. And the size of micro-cracks was almost equal to the size of microstructure of Pb-rich phase (A) and Sn-rich phase in Fig. 2(c) . In the similar way, the large cracks were observed at the part of the coalesced cracked surface in Fig. 9(c) . The micro-cracks were also observed over the observation area with high magnification. Therefore it seemed that the micro-cracks propagated the large crack with an increasing number of cycles at Sn-37Pb. However the micro-cracks observed with low magnification were not indicated on the parallel part of specimen of Sn-37Pb. Therefore it was difficult to recognize the deformations caused by the micro-cracks by the microscope.
Estimation of the surface features
To estimate the relation between surface deformation and fatigue damage, image processing was carried out in the surface photographs observed. The image processing procedure was summarized in the following:
(1) The surface photograph was converted to 256 gray levels image. (2) The image differential processing of the gray level image was preformed across the tensile direction. The differential filter used in this processing was given as follows. 
The pixels that had over 10 gray levels in the processing image converted to white pixels. And other pixels that had less than 10 gray levels converted to black pixels. The number of white pixels in the image was counted and feature points that define the area ratio of these pixels were estimated. The image-processed photographs of the surface of the specimen tested at a total strain range of 2.0% for Sn-3.5Ag, Sn-0.7Cu and Sn-37Pb solders were shown in Fig. 10 . The features that increased with increasing number of cycles in these solders corresponded to the increasing surface deformations. However the crack initiation on the Sn-37Pb surface at 301 cycles and the propagated crack at 401 cycles were not recognized on the image-processed surface of Sn37Pb, because the appeared crack was extremely larger than the pixel size in this image processing. Consequently it was difficult clearly to recognize the deformation of a large crack. Therefore, it seemed that the surface features from the fine deformations on solder surface were made possible by the image processing carried out. The relationship between the area ratio of the feature points and the fatigue life of the solders were shown in Fig. 11 . Where the fatigue life ratio was defined by the ratio of the number of cycles N to the fatigue life N f . At Sn-3.5Ag in Fig. 11(a) , the area ratios of the feature points at the total strain ranges studied were almost constant or decrease slightly by 10% of the fatigue life. Over 10% of the fatigue life, they increased rapidly by 40 or 50% of the fatigue life with an increasing fatigue life ratio. And at over 50% of the fatigue life, they increased steadily with an increasing fatigue life ratio. The area ratios of the feature points of Sn-3.5Ag at the time of the fatigue life were 1.5-3 times more than at the initial cycle. The area ratios of the feature points of Sn-0.7Cu in Fig. 11(b) indicated a similar tendency with Sn-3.5Ag. In spite of this the area ratios of the feature points of Sn-0.7Cu at the time of the fatigue life were 1.5-2 times more than that at the initial cycle. On the other hand, at Sn-37Pb in Fig. 11(c) , the area ratios of the feature points decreased slightly by 20% of the fatigue life at total strain ranges of 0.6, 1.0 and 2.0%. Over 20% of the fatigue life, they increased steadily with the increasing fatigue life ratio. Fatigue Damage Evaluation by Surface Feature for Sn-3.5Ag and Sn-0.7Cu Soldersthe propagated cracks were only observed by microscope, because the micro-cracks were not able to be recognized due to its fineness by the microscope. Also, the area ratio of the feature points at total strain range of 0.4% showed a similar tendency that had a few more changes than that at other total strain ranges. To compare the area ratios of the feature points of Sn-3.5Ag and Sn-0.7Cu with that of Sn-37Pb, those of Sn-3.5Ag and Sn-0.7Cu increased rapidly at the initial fatigue life ratio more than that of Sn-37Pb. Therefore, the surface deformation appeared slightly at Sn-3.5Ag and Sn-0.7Cu at 10% of the fatigue life and at Sn-37Pb at 20% of the fatigue life. After these cycles, they increased with the increasing fatigue damage that corresponded with the increasing number of cycles. The contrasts between the area ration of feature points and the stress amplitude of the solders were shown in Fig. 12 . At Sn-3.5Ag and Sn-0.7Cu in Figs. 12(a) and (b), the stress amplitudes at both strain ranges of 0.4 and 2.0% decreased corresponding with the increasing feature points by 20% of fatigue life. Over 20% of fatigue life, both of the stress amplitudes and the feature points showed a gentle slope around the fatigue life. Over the fatigue life, although the stress amplitudes decreased rapidly, feature points showed the gentle slope in common with the slope at over 20% of fatigue life. Therefore, it seemed that the cyclic fatigue damage initially accumulated on the solder surface. After that cracks caused by the fatigue damage propagated toward an interior direction. On the other hand, the feature points of Sn-37Pb in Fig. 12(c) showed a gentle slope at over 20% of fatigue life that did not relate with a drop of stress amplitude. It seemed that the damage accumulation was not able to be observed due to the fineness of microcracks as Fig. 9(b) . And for the short fatigue life of Sn-37Pb solder, the cyclic damage directly behaved the crack propagation.
Conclusion
The low-cycle behavior of Sn-3.5Ag and Sn-0.7Cu leadfree solders were investigated at a constant strain rate of 0.1%/s at room temperature and compared with those of conventional Sn-37Pb solder. And the surface deformation in the low-cycle fatigue test at room temperature was observed by microscope and the relationship between the surface features and low-cycle fatigue damage was investigated. The main conclusions obtained were summarized as follows:
(1) The low-cycle fatigue lives of Sn-3.5Ag and Sn-0.7Cu lead-free solders decreased with increasing inelastic strain range in this study. The fatigue strengths of both lead-free solders were higher than that of Sn-37Pb. (2) The low-cycle fatigue behaviors of Sn-3.5Ag, Sn-0.7C
and Sn-37Pb solders followed Coffin-Manson model relationship at inelastic strain ranges investigated. (3) The surface features of Sn-3.5Ag, Sn-0.7Cu and Sn37Pb solders was able to be evaluated by the surface deformation in the low-cycle fatigue test by image differential process and binary process. (4) The surface deformations of Sn-3.5Ag and Sn-0.7Cu appeared over 10% of the fatigue life, and those of Sn37Pb appeared over 20% of the fatigue life. After that, the surface deformations accumulated like the fine wrinkles for Sn-3.5Ag, Sn-0.7Cu and Sn-37Pb solders. (5) There was a close relationship between the surface deformation and the low-cycle fatigue damage in the solders investigated. Hence, the proposed method had a potential to identify the low-cycle fatigue damage of solders from the surface observation. 
